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This report demonstrates the main reasons behind using monitoring systems on each blade 
of the wind turbine system and will also exhibit the implementation of the monitoring 
systems in terms of software simulation and practical simulation. It is noticeable that since 
the blades are located on a high altitude, it can cause them to face wind turbulence and 
intermittent wind, which of course will lead the blades to face a fatigue within years of 
operating and that will subsequently lead to their deterioration.  
There were five experiments conducted in this project. The first experiment was about testing 
load cell by applying loads in load cell and check the calibration factor in Arduino Software 
Program. The findings were that to get the correct load readings in Arduino serial monitor 
matching with the applied load in load cell, the calibration factor need to be adjusted, either 
increasing or decreasing. Second experiment was performed to compare the results between 
shunt resistor simulation of the load cell and shunt resistor simulation in circuit maker 
software and it found that the load cell has very tiny linearity error which is 0.017% of Full 
Scale Output (FSO) and the line graphs are approximately matching. Shunt resistor 
simulation was implemented in third experiment to simulate strain applied to wind turbine 
blade using a quarter Wheatstone bridge circuit and the results shows that the more the load 
applied to the blade or an object the more the strain will be achieved in tension or 
compression. The Arduino serial monitor was displaying the readings as a load in Kg, and 
the equivalent strain was calculated. The fourth experiment was implemented to measure 
strain using a half Wheatstone bridge circuit configuration and the results shows that the 
linearity error is less compared to the quarter bridge configuration. Finally, fifth experiment 
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was about using a buzzer as alarming system and it was programmed in Arduino in such way 
that when a certain load to the blade is exceeded, the buzzer alarm was initiated. 
There are many calculations in this report linked with theory and practical experiments, to 
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Chapter 1: Introduction 
1.1 An Overview 
The motivation of this project is to conduct static stress test on small wind turbine blade due 
to lack of information of such test in small wind turbine blades and due to their high cost. 
Energy crisis and global warming problems nowadays are the most alarming issues affecting 
the world’s economy and environment respectively. Renewable energy has been started to 
be utilized in most of the countries and especially in development and industrialized countries 
such as The United States of America, China and others who choose to replace them with the 
fossil fuels. Like solar energy and biomass energy, the renewable wind energy is another type 
of renewable energy. Wind turbines have many parts, like blades, shafts, gears, generators, 
and the main part is the wind turbine blade since fifteen to twenty percent of total wind 
turbine production cost is for the wind turbine blade [1]. These parts function together and 
are linked to each other to convert wind energy into electricity. Wind turbine blades are 
manufactured in different sizes and range from small length of meters to large blades length 
such as the world’s largest wind turbine blade (LM 88.4P Wind Turbine Blade) which has a 
length of 88.4 meters and manufactured by LM Wind Power [2]. As the wind turbine blades 
get affected by many of environmental factors such as fatigue, lightning strikes, moisture 
absorption, ultraviolet irradiation, sleet, wind gusts or atmospheric corrosion, thus it is 
necessary to conduct testing and monitoring of wind turbine blades prior to installation to 
avoid any problems which occurs due to the failure of wind turbine blades [1]. Also, other 
reasons for testing and monitoring is to increase the wind turbine life and to reduce the chance 
of failure. Mechanical testing for the blade structure and monitoring is necessary to avoid 
breakdown of wind turbine blades. In addition, strain gauges devices are typically used to 
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measure the strain of wind turbines blades, as the continuous or intermittent wind flow to the 
blade will cause blade strain, which will lead to fatigue, then blade failure. There are various 
problems that can occur due to the failure of wind turbine blades such as facility damage, 
other wind turbines in an area and can be a fatality or injuries to facility workers if they are 
present in a location.  
The above was an introduction to illustrate why the condition monitoring and testing of wind 
turbine blades are very important and because of these reasons, there were lot of case studies 
in different parts of the world on these issues. Different types of tests can be conducted in 
wind turbine blades such as static load test, fatigue test and can be tested in different 
directions such as flapwise, edgewise and dual axis (both axial and flapwise).  
1.2 Research aim: 
The main aim of the project is to develop a load and strain monitoring system that can be 
used in future project to monitor stresses in a wind turbine blade under different loads. 
1.3 Research objectives: 
The two main objectives of the project are stated below: 
➢ To build a system to measure, log and report the load on an object. 
➢ To build a system to measure the strain (µƐ) on an object and record the load that 
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1.4 Thesis Project outline: 
 
 Chapter 1: An overview about wind turbine blades and the reasons behind using the wind 
turbine energy as an alternative to fossil fuels. The reasons behind monitoring wind 
turbine blades and the main aim and objectives of the project were mentioned. 
 
 Chapter 2: Literature review discussing about the types of loads in wind turbine blades. 
Also, it discusses about case studies for wind turbine blades, discussing about monitoring 
and instrument devices that can be used for wind turbine blades. 
 
 Chapter 3: Detailed explanation about materials and methods used for all five 
experiments conducted for this project. 
 
 Chapter 4: Experiments results, and analysis discussed in this chapter using variety of 
tables, figures based on the results obtained from all experiments.  
 
 Chapter 5: A conclusion for the whole report focusing the main points found from the 
theory and practical parts of the project. 
 
 Chapter 6: Future works and recommendations are outlined in order to develop the project 
in future using variety of techniques and methods.       
 
 
Chapter 2: Literature Review 
 
2.1 The types of loads on wind turbine blades 
Nowadays, the use of computer analysis programs and software such as finite element (FEA) 
and fluid dynamics (CFD) is common in the wind turbine industry. Moreover, there are 
special commercial softwares available in order to give calculations based upon tip speed, 
site conditions and blade geometry such as MOSTAB, YawDyn, LOADS, AERODYN, 
SEAC and GH Bladed [3]. 
Certification for a modern large-scale turbine requires analysis for multiple load cases, as 
single load case analysis is not adequate. Hence, the following loading conditions are 
analysed as the priority: 
➢ Emergency stop scenario 
➢ Extreme loading during operation 
➢ Parked 50-year storm conditions 
The blade loading main sources under the above operational scenarios are listed here: 
➢ Aerodynamic 
➢ Gravitational 
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2.1.1 Aerodynamic Load 
Lift and drag of blades aerofoil section will cause the aerodynamic load to be generated, 
which is reliant on blade velocity (U), angle of attack (α), wind velocity (VW), yaw and 
surface finish as illustrated in Figure 1. Twist and pitch are two factors that angle of attack is 
dependent on and Blade Element Momentum (BEM) theory is often used in order to calculate 
the blade aerodynamic forces. The produced aerodynamic lift and drag illustrated in Figure 
1 are resolved into useful thrust (T) in rotation direction (torque) absorbed by the reaction 
force (R) and the generator. It can be observed that the reaction forces operate greatly in the 
flexible bending plane and must be borne by the blade with limited deformation. Also, thrust 
loads and overall blade reaction can be obtained by calculating the sum of aerodynamic 
forces after working out small elements (δr) along the blade radius [3]. 
 
 
Figure 1 Aerodynamic forces generated at a blade element [3] 
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2.1.2 Gravitational and Centrifugal Loads 
An increase in the wind turbine rotor diameter will lead to an increase in centrifugal and 
gravitational forces cubically and they are reliant on mass. Inertial loads are negligible for 
turbine diameters of ten meters and downwards, marginal for wind turbines diameters of 20 
meters and upwards, and critical for rotors with 70 meters and above. Gravitational force is 
defined as multiplying the mass by the gravitational constant, even though the gravitational 
force direction stays constant and acting towards the earth center which causes a case called 
alternating cyclic load. Mass and rotational velocity squared are producing the centrifugal 
force which acts outward radially, thereby raising the load demands on the blade at higher 
tip speeds. Superposition of centrifugal and gravitational loads is carried out to provide a 
positively displaced alternating condition with a wavelength that is equal to a revolution of 
one blade [3].  
2.1.3 Structural Load Analysis 
Wind turbine blade analysis is significantly dependent on Computer Aided Design (CAD) to 
generate a three-dimensional model, and Finite Element Method (FEM) is used to analyse 
the model. “Certification bodies support this method and conclude that there is a range of 
commercial software available with accurate results” [3]. Calculating the edgewise and 
flapwise bending moments of wind turbine blade (defined below), was traditionally done 
using a simple cantilever beam with uniformly distributed or equivalent point loads. Bolt 
inserts and direct stress for root sections are also calculated [3]. Additionally, bolts are 
inserted as illustrated in Figure 2 using blade root stud, in order to attach the blade to hub [4]. 
Practically, a detailed computational analysis is conducted containing a local analysis of 
individual features, material laminates, and bonds. 
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Figure 2 Blade Root Stud Design [4] 
 
2.1.4 Fatigue Loads 
Majority of loads gained by the wind turbine blades are not static. When the blade is facing 
intermittent, repetitive loads then fatigue loading can occur, and the blade material fatigue 
limit will be exceeded. Fatigue is a phenomenon defined as that if a certain structure such as 
blade is subjected to a cyclic load, it will fail after a period of time. To manufacture a wind 
turbine blade that operates within the fatigue limit of its material, is possible by using 
structural material excessively which will lead to inefficient, large, heavy and costly blade. 
Therefore, there is no way to avoid fatigue loading if the rotor blade design needs to be 
efficient. The number of rotations during the lifetime of a wind turbine (usually 20 years) are 
equal to the gravitational cyclic loads which cause fatigue loading to occur. During the 
turbine lifetime, a creation of small stochastic loads is caused by the gusting wind and they 
contribute up to 1 x 109 cyclic loadings during this period. Hence, the design of some parts 
of wind turbine can be governed by fatigue instead of ultimate load [3]. Fatigue can occur 
even if the stress range experienced is lower than the structure static material strength. 
Mechanical structures failures usually occur due to fatigue.  
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In addition to this, there are three stages that a mechanical structure will experience by 
repeated loading until the final failure as following: [5]. 
1- When there are a large number of cycles, the damage grows and develops at 
microscopic level until the formation of microscopic crack is occurred.  
2- In each cycle, a growth of macroscopic crack occurs until critical length is reached. 
3- Breakage of cracked component will occur as it cannot sustain the peak load anymore. 
Fatigue analysis and testing are compulsory for the design and manufacture of wind turbine 
blades. So, offshore and onshore wind turbines (IEC) and wind turbines design requirements 
(DNV) certifications are required for this purpose [3]. 
2.1.5 Structural Blade Regions 
As illustrated in Figure 3, modern blades are divided into three main areas and categorized 
according to their structural and aerodynamic function. Following is the description of each 
area: 
➢ The blade root- This is defined as “The transition between the circular mount and the 
first aerofoil profile” [3]. In this part of the blade, the highest loads are carried. Due 
to the relatively small radius of the rotor, the blade root has relatively low wind 
velocity. A chord length which is illustrated in Figure 3 is the distance from the blade 
back edge  to the blade front edge and a large chord length will be obtained due to a 
reduction in aerodynamic lift caused by low wind velocity. Thus, the blade profile 
comes to be extremely large at the rotor hub. The issue with low lift is compounded 
which require using excessively thick aerofoil section to develop the structural 
integrity at the root region which has an intensive load. Therefore, the blade root 
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region usually consists of thick aerofoil profiles that have a low aerodynamic 
efficiency [3]. 
 
➢ The mid-span: It is the significant aerodynamic at the mid-span section of the blade. 
In this section, the ratio of lift to drag will be maximized. Thus, the aerofoil section 
used should be following the allowable structural considerations to be as thinnest as 
possible [3]. 
 
➢ The tip: This is an aerodynamically critical section of the blade. The ratio of lift and 
drag will be maximized. Therefore, in order to minimize the losses and noise, it is 
recommended to use slender aerofoils with specially designed tip geometries [3].  
 
 
Figure 3 The three blade regions [3] 
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2.2 Literature on wind turbine blade load research 
2.2.1 Research paper from The University of Newcastle Australia 
(UON): 
There are gaps in research for the small wind turbine compared to the large-scale wind 
turbines and there is an inadequacy of measured load data from small wind turbines in highly 
turbulent sites [6]. However, efforts are being laid worldwide to minimize the research gaps 
in small wind turbines in general, and their parts, in specific, such as small wind turbine 
blades.  
A study from The University of Newcastle was conducted on a small wind turbine type 
Aerogenesis 5 kW upwind horizontal-axis turbine located on the university campus. It 
intended at reducing the knowledge gap between large and small wind turbine in terms of 
blade fatigue loading, pertaining to the acquisition of blade load data during service and 
aerloastic simulation. The rotor diameter of the dual-bladed turbine is 5m with yaw passively 
controlled via a tail fin. Besides, the wind turbine has 3.5 m/s as a cut-in speed, 10.5 m/s as 
a rated speed which corresponds to 320 rpm of a rotor speed, and a tip speed ratio of 8 (λ = 
8) [6]. This turbine was developed as a class III turbine and has the following specifications: 
Average hub-height wind speed: Vave = 7.5 m/s 
Design wind speed: Vdesign = 10.5 m/s 
Turbulence Intensity: I = 18% 
Various types of instruments were mounted on the turbine as illustrated in Figure 4, to 
measure the operational loadings from the wind turbine. The wind conditions at the site of 
UON is logged via anemometer and wind vane at height of 15m installed on a boom arm 
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offset from the tower. Other instruments installed on the turbine are blade strain gauges, 
moment sensor at tail fin, optical yaw compass to locate turbine heading, and tower top 
accelerometers to measure side to side and for-aft response [6].  
 
Figure 4 General overview of the Aerogenesis wind turbine and tower showing indicative 
locations of instrumentation [6]  
 
Seven strain gauges were installed uni-directionally on one of the blades at an increment of 
250 mm radially along the blade. These gauges were installed on the pressure side of the 
blade and lead wires were used and connected throughout the blade internally to alleviate 
aerodynamic derating of blade performance caused by discontinuity of the surface. 
Moreover, a high sampling rate of 500 Hz was intentionally used due to complex aeroelastic 
response of the blade expected during yawing and the rotor high operational rotational speed. 
For instance, at a rotor speed of 320 rpm, only one sample will be allowed by the sample rate 
of 500 Hz to be acquired at every ∼4° azimuthally [6].  
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Figure 5 Comparison of azimuthally averaged blade flapwise root bending moment for 
measured data and aeroelastic simulations [6] 
 
2.2.2 Wind Turbine Blade Static Load Test at NREL 
The static test was performed by Rotorline in 1992 to illustrate that different laboratories can 
do similar measurements of load, strain, and deflection on various blades which having 
similar global variables and characteristics.  
The loads were applied to blade separately in edgewise and flapwise directions. A load of 
23000 N (2345 Kg) was applied flapwise to the blade at 7 meters away from the blade flange 
in order to achieve the maximum bending moment. A smaller load of 7150 N was applied to 
the blade at edgewise and away from the blade flange by 7 meters [7]. Here are the results 
found by obtaining the static load test at flapwise and edgewise directions: 
            Table 1 Rotorline Static-Test Blade Deflections [7] 
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As it can be indicated from the results Table 1, that for the flapwise, when the maximum 
bending moment is applied, the displacement of the blade at 7.65m away from the blade 
flange came out to be 150 mm and the tip displacement as 382 mm. In contrast for the 
edgewise, the maximum bending moment was not used and only a load of 7150 N was used 
instead, so the displacement at 7.65 m showed 20 mm and 45 mm at the tip of the blade.  
This test reflected that relatively larger loads were applied in a flapwise direction as 
compared to the edgewise. This happened because the thrust load is usually acting on 
flapwise at a higher level than edgewise in reality. These loads applied to the blade are 
simulation for the wind (thrust load) acting on a real wind turbine. 
2.2.3 Biggest Wind Turbine from LM Wind Power Load Tests 
The biggest wind turbine blade in the world was manufactured by LM Wind Power and it 
has a length of 88.4 m illustrated in Figure 6. This blade will power an 8 MW wind turbine 
which is sufficient enough to power around 10,000 homes. The blade materials used mostly 
are the glass fiber to keep it rigid and withstand aerodynamic loads [8].  
 
Figure 6 LM 88.4P Wind Turbine Blade [8] 
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At LM Wind Power there were various tests conducted on this blade. Initially, they tested 
the blade inside the wind tunnel owned by LM Wind Power. Subsequently, a static test was 
conducted using a traction rig to apply maximum load at trailing edge, pressure side, suction 
side and leading edge as illustrated in Figure 7 and the test lasted for a week [8].  
 
Figure 7 The airfoil of a wind turbine [8] 
 
Later, a dynamic test was conducted in flapwise and edgewise directions are shown in Figure 
8 to detect cracks on the fatigued blade using an infra-red camera as if it was running for 20 
years.  Finally, another static test was done to ensure that the blade can still be functioning 
even after it has aged.  
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Figure 8 The edgewise and flap wise directions [8] 
 
Various types of tests were performed on this blade which is a good approach to ensure that 
the blade can withstand the real situations such as storms and other bad weather conditions. 
Furthermore, these tests will ensure the safety of the wind turbine, other wind turbines in the 
wind farm and workers’ life.  
2.3 Instrumentation needed for blade load testing 
Currently, monitoring the health condition of wind turbine blades is very indispensable due 
to their initial capital investment cost, utility-size, and wind turbines size increment. A 
preliminary stage examination for any sort of mechanical issues on the wind turbine 
structures, such as the blades and other parts will help the operator to plan a proper 
maintenance and conduct on time avoiding keeping a wind turbine off-line. Additionally, a 
professional monitoring and employing advanced technology to detect any problems will 
increase the life of the wind turbine and in case of emergency, urgent shutdown can be 
initiated to avoid any further damage to the facility or the turbine itself [9]. In the Sandia 
National Laboratories, the initial setup of the blade fatigue testing area including blade 
structural loading and the testing hardware are shown in Figure 9.  
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Figure 9  Blade fatigue test area [9] 
 
2.3.1 Universal Resonance Exciter (UREX) 
Universal Resonance Exciter (UREX) illustrated in Figure 9 is a resonant system used to 
induce fatigue cycles to the blade. This system consists of inboard and outboard UREX 
loading saddles and they are hydraulically driven mass. The inboard mass is installed about 
1.6m away from the blade root, weighing 620kg, while the outboard mass is installed at 
6.75m station weighing 180 kg. UREX was driven to stimulate the first frequency flap and 
allow a cyclic load to be induced in the blade. UREX stroke and frequency need to be adjusted 
to control the applied moment range, and this adjustment will be initiated automatically via 
UREX controller depending on the accelerometer feedback signal which attached on the tip 
of the blade. But sometimes, a manual adjustment to the frequency is required when there is 
a temperature effect which will result in blade frequency to change [9].   
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Figure 10 Calculated UREX fit of 4-million-cycle target load for TX-100 fatigue test [9] 
 
2.3.2 Acoustic Emission Sensors 
Another instrument that can be installed on the wind turbine blade is acoustic emission 
sensors. These sensors are usually used to monitor the propagated sound on the blade surface 
and these sound waves typically occur due to damage on the blade structure such as 
disbonding, delamination, fiber breakage. The Physical Acoustic Corporation (PAC) acoustic 
emission NDT system was used in order to get the signals from the sensors as shown in 
Figure 9. As indicated in Figure 11, there are 24 PAC model R61 acoustic emission sensors 
mounted on critical areas of the blade surface and inside the blade interfaces [9]. 
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Figure 11 – Layout of the acoustic emission NDT sensors and photoelastic panel [9] 
 
 
Figure 12  Acoustic emission sensors mounted to the low-pressure surface of the blade [10] 
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2.3.3 Digital Image Correlation (DIC) system 
A system called Digital Image Correlation (DIC) is illustrated in Figure 13. It was used by 
Montana State University (MSU) to obtain the mechanical strain at the blade locations where 
critical flaw is present using a method of capturing full-field images. Also, due to the high 
capability of DIC to measure full-field effects of flaws at the blade testing of wind turbine, 
there is a significant increase to use this technique. In order to form the desired optical surface 
for the DIC imaging, painting and speckling were prepared on the surface of the blade at 
critical flaw locations.  At different loads conditions, the DIC images were used capturing 
the strain fields at zero strain (unloaded blade), at the target test load and at high strain loads 
[10].  
 
Figure 13  Digital image correlation imaging pattern painted on the blade surface over areas 
containing flaws [10] 
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2.4 Strain Gauges  
Stress and strain definitions are differing from each other. While stress is defined as the 
internal resisting force of an object, strain is the deformation and displacement that occurs 
when an external force is applied [11]. Strain gauges or gages are sensors used to measure 
strain on an object when subjected to an external force.   
A strain is even defined as the ratio of the change of length of a material to the original length 
as can be seen in Figure 14. When the external force is applied to an object, strain gauge 
length will change leading to the electrical resistance of the strain gauge to change [12]. The 
resistance change of strain gauge is directly proportional to the voltage change measured at 
the output of a Wheatstone bridge illustrated in Figure 17. In other words, strain gauges 
convert the change on the resistance due to the applied force, tension and weight into an 
electrical signal, which usually is measured in millivolt.  
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The word strain is a technical term that consists of compressive and tensile strain and they 
are differentiated by positive or negative sign. Thus, expansion and contraction can be 
measured by strain gauge. The internal effect and external influence are the two main effects 
causing body strain to occur. There are various factors causing strain such as pressures, 
forces, heat, structural changes of the material, moments etc. [11] 
Strain values obtained from the stress analysis experiments for a certain structure are used 
usually to determine the capability of the structure to handle certain loads and to ensure the 
safety of the structure. There are special transducers constructed from pressure sensitive 
diaphragm with strain gauges bonded to them, which are designed to measure the forces and 
other parameters such as displacements, accelerations, pressures, moments and many others. 
[11] 
There are four different types of strains which are, bending, axial, shear and torsional. 
Bending and axial strain are the most commonly used ones as can be seen in Figure 15. 
Applying a linear force in a horizontal direction will cause a material to stretch or be 
compressed, which is measured by axial strain. On the contrary, when a linear force is applied 
to a material in a vertical direction, will cause the material to stretch on one side and contract 
on the other side.  This contraction and compression are measured by bending strain. Shear 
strain is a combination of both axial and bending strain. It measures the deformation amount 
of a material due to linear force in vertical and horizontal directions. A circular force with 
components in vertical and horizontal directions is measured by torsional strain. [12] 
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Figure 15 Axial strain on the left and bending strain on the right [12] 
 
2.4.1 Bonded foil strain gauges 
In 1938, a new type of strain gauge was developed, which is a bonded, metallic wire-type 
strain gauge.  The foil-type strain gauge has a grid of wire filament (a resistor) having a 
thickness of around 0.001 inches (0.025mm), and this filament is bonded to the strained 
surface using a thin layer of epoxy resin. At the moment when the strained surface is 
subjected to a certain force, there will be a change on the surface length and this will cause 
the filament length to change, so the strain can be measured by an electrical signal of the foil 
wire, which has a directly proportional relationship with strain. Strain transmission needs 
both components, the adhesive bonding agent and foil diaphragm to work simultaneously. 
Moreover, the adhesive agent should act as an electrical insulator between the surface and 
the foil grid. Another issue while selecting a strain gauge is to consider the temperature 
sensitivity and stability of the strain gauge rather than focusing only on its characteristics. 
For short-term use, this issue can be ignored, whereas, for the long periods and continuous 
processes, temperature and drift compensation should be taken into account. [11] 
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2.4.2 How do you measure strain with a foil gauge 
The strain gauge consists of a metallic foil which is designed in a zigzag grid pattern, going 
back and forth as shown in Figure 16 [12].  
 
Figure 16 The electrical resistance of metallic grid changes in proportion to the amount of 
strain experienced by the test specimen [12] 
 
The metallic grid pattern is bonded to a carrier (thin backing) that is attached to the surface 
of the test specimen, hence, strain applied to the specimen will be transferred to the strain 
gauge which will lead to a change in electrical resistance linearly. The sensitivity to strain by 
strain gauge is an important parameter and can be expressed as gauge factor (GF). Gauge 
factor is the ratio of fractional change of electrical resistance over the fractional change of 









                                                     Equation 1 Gauge Factor [12] 
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Where, 
GF = Gauge factor 
𝝙R = Change of strain gauge resistance 
R = Nominal resistance of strain gauge 
𝝙L = Absolute change in strain gauge length 
L = Original length of strain gauge 
Ɛ = Mechanical strain 
Gauge factor for different types of strain gauges differs from each other. For instance, the 
gauge factor for metallic strain gauge is around 2. Also, to obtain gauge factors for other 
types of strain gauges, sensor datasheets from manufacturer or vendors can be made use of 
[12]. 
Strain can also be calculated using the following equation in case of using shunt resistors to 










Equation 3 Strain Equation for compression [13] 
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Where, 
Ɛs = Equivalent strain 
RG = Strain gauge nominal resistance 
FG = The gauge factor of strain gauge 
RC = Shunt resistor 
In strain gauges, the change in strain is very small resulting in very small changes in 
resistance. Due to this small change in resistance, a strain gauge can be used in Wheatstone 
bridge in order to have a temperature compensation and to measure the small change of 
resistance as well. A circuit diagram for the Wheatstone bridge is shown in Figure 17: 
 
Figure 17 Wheatstone Bridge Circuit [12] 
 
This figure shows a circuit diagram for a Wheatstone bridge that consists of Excitation 
Voltage (VEX) to power up the bridge and four resistors (R1, R2, R3, and R4) located in two 
parallel electrical voltage dividers. An output voltage from the bridge can be measured via 
the two leads located between the four resistors as mentioned in Figure 17 above. The 
formula for calculating the output voltage (Vo) is: 








] × 𝑉𝐸𝑋 
                                   Equation 4 Wheatstone Bridge output voltage [12] 
 
Wheatstone bridge output voltage depends on four resistors values. If all the resistors have 
the same value say 350Ω, then if we plug these values in the above equation, the output 
voltage will be 0 V. In this kind of case, the bridge will be considered as balanced. Replacing 
a 350Ω strain gauge in a location of one resistor say, R3, will make a difference in Vo of the 
bridge when a strain occurs in the strain gauge. Let’s take an example if the bridge is excited 
with 10v, the strain gauge gets stretched and the change on resistance will be 350.2 Ω, then 














] ∗ 10 = 0.00142 𝑉 = 1.42 𝑚𝑉 
As illustrated in the above example that when a small change in resistance (0.2 Ω= 200mΩ) 
occur in one arm of the bridge there is a slight change in the output voltage which is 1.42 
mV. This case is called an unbalanced bridge as one of the arms have a different value from 
others. 
2.4.3 Strain Gauge Resistance 
Most of the strain gauge resistance ranges from 30 Ω to 3 k Ω without any stress applied to 
them. There would be only a tiny change in resistance when the external force is applied to 
gauge. Moreover, if the external force applied exceeds the limit to get higher resistance 
change, it will cause a permanent deformation in the specimen and the sensor conductors, 
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both. Accordingly, the strain gauge will no longer used as a measuring device. Due to 
deformation issue, enormously small change of resistance should be measured with very high 
accuracy, so the strain gauge can be utilized as a practical sensing device. A bridge 
measurement circuit must be used to obtain high accuracy and precise readings from strain 
gauges [14].  
2.5 Design and development of a wind turbine blade load testing 
facility at Murdoch University 
There were many tests and researches done at Murdoch University (e.g. [Blade Pitch 
Measurement System (BPMS)], [Suitability of the IEC 61400-2 wind model for small wind 
turbine operating in the built environment], [Testing of the folks wind 1.5 kW vertical axis 
wind turbine]). Measurement Renewable Energy Outdoor Test Area (ROTA) is a location at 
Murdoch University where there is a load monitoring system for the 5kW wind turbine. This 
research project was conducted by Levi Pleiksna a student at Murdoch University in 2015. 
The project was about analysis of Root Blade Load Estimation and the reason behind this 
task was to gain knowledge about the turbulence effect on wind turbine blades and the 
connecting shaft [15]. 
As per Pleiksna, that the methods utilized for the large-scale testing to know about the 
turbulence effects on turbine blade fatigue, can be conducted also for the small-scale wind 
turbine testing. Pleiksna’s project went through a series of tasks such as calibrating strain 
gauges, using a transmitter-receiver system and signal conditioning, minimizing the system 
power consumption, using data taker device and Labview Interface [15]. 
The results from strain gauge calibration are evident that the maximum considered weight 
for the 5 kW wind turbine blade is 10.2 kg. In order to get this weight, an assumption was 
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done by comparing the flapwise maximum bending moment of the 14 kW wind turbine used 
by TUdelft research thesis which was about 400 kNm to the 5 kW wind turbine blade used 
at Murdoch University ROTA. Based on the above assumptions, the flapwise maximum 
bending moment of 5 kW wind turbine was determined to be 200 kNm. Basic calculations 
were done to get the approximate maximum weight that can be applied to the blade of 2 metre 
length used in 5 kW wind turbine: 
200𝑘𝑁𝑚
2𝑚
= 100 𝑘𝑁, 
100
9.8
= 10.2 𝑘𝑔 
 
Figure 18 Plot moment vs. voltage output Downwind (blade bending forwards) [15] 
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Figure 19 Plot moment vs. voltage output Upwind (blade bending backwards) [16] 
 
In Figure 18 and Figure 19, the graphs show the test results of applying loads on the 5 kW 
wind turbine blade. They represent the moment force against the output voltage in mV 
obtained from Wheatstone Bridge when the strain gauge gets stretched in Figure 18 and get 
compressed in Figure 19.  
Figure 18 clearly illustrates that the more the load is given in the direction in which the wind 
is blowing to the blade (downwind), the output voltage began to increase on a positive scale. 
This occurs when the strain gauge gets stretched and vice versa is occurring in Figure 19, 
when the load is applied against the direction of the wind and the strain gauge gets 
compressed, the output voltage is increased on a negative scale. Figure 18 and Figure 19 
clearly show that there is a directly proportional relationship between moment force applied 
and the output voltage when 50 gram load was applied to the blade each time either in 
downwind condition or upwind condition. 
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The test which was conducted by Pleiksna for the blade in edgewise shows that without 
applying any load the reading from the gauge shows -2 mV, and -4 mV when applying a 
large force and the excitation voltage was 11.44 V. As there is a response which brought 
variation in the output voltage, so it clearly indicates that both the tests in flapwise and 
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Chapter 3: Material and methods 
In this report the methodology of how the project was implemented will be explained in detail 
as well as the function of each major component used in this project. Initially the main project 
target is to instrument strain gauges for tension and compression as a type of strain 
monitoring system in the wind turbine blade which is illustrated in Figure 20. In this project 
experiments will be conducted to answer the question “Is it possible to simulate strain gauge 
using Wheatstone bridge circuit?”. 
 
Figure 20 Wind Turbine Blade in Pilot Plant 
 
The blade shown in Figure 20 is a hollow type blade, which means it can sustain less load 
than the solid blades within the same size and dimensions. This blade was planned to be fixed 
by mechanical structure as illustrated in Figure 21. Stress testing for the blade was planned 
to be conducted in flapwise direction. 
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Figure 21 Wind turbine blade mechanical structure 
 
Due to a short period for the project, the mechanical structure for the wind turbine blade 
couldn’t be built, so the plan changes to build load and strain monitoring system. As can be 
seen in Figure 21 the blade was planned to be welded at a height of 1.1 m approximately 
from the platform. Moreover, the blade length is 1.73 m and there will be one load cell and 
two strain gauges installation for blade stress testing for compression and tension. The strain 
gauges will be installed at the root of the wind turbine blade and will be a half bridge circuit 
configuration as illustrated in Figure 22, so the strain gauges will be opposing each other, 
one at the top of the blade and the other at down side of the blade. 
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Figure 22 half bridge circuit configuration 
 
3.1 Materials 
3.1.1 Sparkfun Load Cell Amplifier - HX711 
Sparkfun Load Cell Amplifier HX711 which is illustrated in Figure 23 and Figure 24 is 
electronically circuit simply used to amplify the output signal from the Wheatstone bridge 
circuit which is in millivolt so it will increase the signal amplitude and convert the analog 
signal to digital by feeding the analog signal to analog to digital converter block in HX711.  
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Figure 23 SparkFun Load Cell Amplifier HX711 front side [16] 
 
 
Figure 24 SparkFun Load Cell Amplifier HX711 back side [16] 
 
The experiment of using the load cell S-beam and the connection to Sparkfun Load Cell 
Amplifier HX711 will be shown and explained later. At the mean time more explanation of 
Sparkfun Load Cell in terms of functionality, features and their applications will be 
demonstrated: 
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Figure 25  block diagram of weigh scale application [17] 
 
HX711 Sparkfun is a high accuracy 24-Bit Analog-to-Digital Converter (ADC) which is used 
for Weigh Scales and for control applications at industries to interface with Wheatstone 
bridge sensors directly. In Figure 25, different blocks for the weigh scale application are 
demonstrated by way of a diagram which are Input Multiplexer, Analog Supply Regulator, 
Digital Interface, Internal Oscillator, Bandgap Reference and 24-bit Analog to Digital 
Converter (ADC). The input multiplexer has the ability to select between channels A or B 
differential input to the programmable gain amplifier (PGA) which has low noise. A 
programming for channel A can be performed, such that programmed with a gain of 128 for 
a full scale differential input voltage of ± 20 mV and with a gain of 64 for a full scale 
differential input voltage of ± 40 mV. In order to fulfill the above programming, a 5V power 
supply should be applied to the AVDD analog power supply pin. Moreover, the channel B 
has a fixed gain value of 32 and usually it is not put into use while dealing with bridge circuit. 
Analog supply regulator illustrated in Figure 25 which is located on the chip, is used to supply 
analog power to the sensor and Analog to Digital Converter (ADC) without the need for an 
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external supply regulator [17]. More information about electrical characteristics of HX711 
are illustrated in Appendix A. 
3.1.1.1 Features of HX711 Sparkfun Load Cell Amplifier [17]: 
➢ It has two differential input channels (A & B), which are selectable. 
➢ It has Programmable Gain Amplifier (PGA) on chip with low noise and gain of 32,64 
and 128 which are selectable. 
➢ A power supply regulator on the chip for ADC and load cell analog power supply. 
➢ Internal oscillator doesn’t require any external component with optional external 
crystal. 
➢ Power-on-reset on the chip 
➢ The serial interface and digital control in HX711 are simple, no need for programming 
just pin-driven controls. 
➢ It has two selectable output data rate which are 10SPS or 80SPS. 
➢ Simultaneous supply rejection of 50 and 60 Hz. 
➢ Consuming current together with analog power supply regulator located on chip: 
power down is less than 1 µA and normal operation is less than 1.5 mA. 
➢ The operating supply voltage ranges from 2.6 V ~ 5.5 V.  
➢ Operation temperature ranges from -40 ~ +85℃ 
➢ HX711 has 16 pin Small-Outline Package (SOP) with pin spacing less than 1.27 mm. 
Page | 37  
 
3.1.1.2 SOP-16l Package Pin Description 
 
Figure 26 SOP-16L Package [17] 
  Table 2 SOP-16l Package Pin Description [17] 
Pin 
Number 
Pin Name Pin Function Pin Description 
1 VSUP Power Power supply regulator of 2.7 ~ 5.5V 
2 BASE Analog Output Output of regulator control and it is 
normally closed (NC) when not used 
3 AVDD Power Analog power supply of 2.6 ~ 5.5V 
4 VFB Analog Input Input of regulator control and in case 
where it is not used, it connects to 
AGND 
5 AGND Ground Analog Ground 
6 VBG Analog Output Output of reference bypass 
7 INA- Analog Input Negative input of channel A 
8 INA+ Analog Input Positive input of channel A 
9 INB- Analog Input Negative input of channel B 
10 INB+ Analog Input Positive Input of channel B 
11 PD_SCK Digital Input Serial clock input and high active 
power down control 
12 DOUT Digital Output Output of serial data 
13 XO Digital I/O Crystal Input/output and when not 
used it is NC. 
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14 XI Digital Input External clock input or crystal 
Input/Output, 0: Use internal 
oscillator 
15 RATE Digital Input Rate control of output data either 0: 
10 Hz or 1: 80 Hz 
16 DVDD Power Digital power supply of 2.6 ~ 5.5V 
 
3.1.2 S-Beam Load Cell (PT4000):  
The PT4000 S-Beam load cell is a tension load cell and it can be used to measure imperial 
capacities such as pounds as well as to measure metric capacities such as kilograms, grams, 
liters etc. The capacity of the type used in the experiment is 20 kg in metric and 50 lb in 
imperial capacity as there are different ranges of PT4000 which are larger than 20 kg and can 
reach up to 5 tones. The load cell is sealed with ingress protection of IP67 [18]. Load cell can 
be connected to the wind turbine blade only in testing facility to know how much load is 
applied to the blade. In Figure 27 the load cell is hung on the yellow beam and the top yellow 
beam is representing a wind turbine blade such that a load applied to the blade from down 
side pulling the blade in flapwise direction. More information about this type of load cell can 
be seen in Appendix B. 
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Figure 27 S-Beam Load Cell (PT4000) [18] 
 
3.1.2.1 Applications of PT4000 Load Cell [18] 
➢ It can be used for tension or compression weighing 
➢ It can be used for material testing 
➢ Tank hanging, Crane weighing, bin hopper. 
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3.1.2.2 Features of PT4000 Load Cell [18] 
➢ Full scale output of 3 mV/V 
➢ Wide imperial and metric capacity ranges from 50 lb ~ 20 klb and 20kg ~ 5 tonnes 
respectively. 
➢ Metric and US threads 
➢ Nickel plated rugged alloy tool steel electroless  
3.1.3 Funduino Uno R3 / Arduino Uno R3 
Funduino Uno R3 board illustrated on Figure 28 is used in the project and it is identically 
functioning as the Arduino Uno R3 which is popular one and most easy to use board. The 
Arduino Uno R3 has 14 Digital I/O pins and 6 of them can be used as Pulse Width Modulation 
(PWM) as can be seen in Figure 29 with pulse sign (~). Also, Arduino UNO R3 features 6 
analog input pins and uses ATmega328 microcontroller. Another update on the board is the 
use of ATmega16U2 USB controller, while in the previous board types ATmega8U2 USB 
controller was used [19].  
 
Figure 28 Funduino UNO board used in the project [19] 




Figure 29 Schematic of Arduino Uno [20] 
 
 
3.1.3.1 What is Arduino 
“Arduino is an open-source electronics platform based on easy-to-use hardware and 
software” [21]. There are various abilities of Arduino boards such as it reads analog or digital 
inputs, it can accept inputs such as a message from twitter, a light on a sensor or a finger on 
a button and many more which then turns these inputs into outputs such as publishing 
something online, slow down a motor or activate, turns LED on respectively. These outputs 
and others can be achieved by sending commands to Arduino microcontroller via the Arduino 
software programming language according to wirings and use Arduino Software Integrated 
Development Environment (IDE) according to processing. Arduino was used for various 
projects over the years by programmers, professionals, students, artists and hobbyists [21]. 
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3.1.3.2 Why Arduino? 
Arduino is used due to its simplicity for beginners and advanced users. In addition many 
thousands of projects and applications were executed using Arduino. There are different 
features that makes Arduino desired by thousand of peoples such as: 
➢ Inexpensive: Compared to other microcontroller platforms, Arduino is inexpensive 
and the cost of the pre-assembled Arduino modules can be less than $50 [21]. 
 
➢ Cross-platform: Most of microcontroller systems are limited to use in Windows only, 
while the Arduino Software IDE can runs in Windows, Linux operating systems and 
Macintosh OSX [21].  
 
➢ Simple, programming environment is clear: The Arduino Software IDE is easy to use 
and understand by the beginners. Also it is an advantage to be used by advanced users 
due to its flexibility. Teachers can utilize it to teach students based on the processing 
programming environment and students can learn and understand how the software 
works in that environment [21].  
 
➢ Extensible software and open source: Arduino software can be extended by 
professional programmers as it was published as open source tool. Expansion of 
language used in arduino can be done via c++ libraries, and the leap from Arduino to 
AVR-C programming language which is Arduino based can be done by the people 
who are intrested to understand the technical details. In addition AVR-C code can be 
added directly into arduino software [21]. 
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➢ Extensible hardware and open source: Experts in circuits designing can create their 
own version of module as well they can improve and extend. This is attributed to the 
fact that a creative commons license are published for arduino boards plans. Besides, 
inexperienced users can build the module version using breadboard, in order to 
understand the working concept of the board and save money by not ordering the 
original arduino board [21] 
 
3.2 Methods:  
The methods section is divided into five parts, which are experiments 1-5. First experiment 
was done to test the load on an object and understand the working principle of the load cell 
which has a Wheatstone bridge built on. Second experiment was done using the load cell 
again but using shunt resistor approach simulating a load applied to the load cell, while in 
the first experiment a real load was applied. Third experiment was implemented to simulate 
tension strain and compression strain on a wind turbine blade using a quarter bridge 
Wheatstone bridge circuit and shunt resistor approach. Fourth experiment also was 
implemented to simulate strain on a wind turbine blade using a half bridge Wheatstone bridge 
circuit. Finally, the fifth experiment was done using a buzzer as an alarming system and 
connected to the half bridge circuit simulating when a certain load on a wind turbine blade is 
exceeded an alarm will be initiated.   
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3.2.1: Experiment 1: Measuring load using load cell  
This experiment was done to achieve the first objective of the project which is building a 
system to measure load on an object. 
Materials used: 
➢ Arduino UNO board 
➢ Arduino Software IDE 
➢ Load cell PT4000 
➢ Lod cell amplifier HX711 
➢ Lead wires 
➢ Hook stand 
➢ Weights (15 weight, each weighing 10 grams) 
➢ Weight Scales 
➢ Four different size spanners having different weights 
Method: 
Firstly, the load cell was connected to HX711 load cell amplifier and Arduino UNO board 
as illustrated in Figure 30. Later, according to the wiring diagram illustrated in Figure 30, the 
code was written in Arduino software IDE so as to run and test the load cell (See Appendix 
C) for the code. After that, the load cell was hung on the stand hook as shown in Figure 31 
ready for weights to be placed on the load cell. 
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Figure 30 Load cell connected to Arduino UNO connections 
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Figure 31 Load cell hanged on stand hook 
 
 
Figure 32 loads placed on the load cell 
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Then loads up to150 grams were added to the load cell as demonstrated in Figure 32, each 
time adding 10 grams and the load readings from the Arduino serial monitor were recorded. 
Greater loads than 150 grams were used to ensure that they give an exact weight of loads in 
Arduino serial monitor. Four different size spanners weighing (224g, 398g, 641g, 1329g) 
shown in Figure 33 were used and weight scale also was used which illustrated on Figure 34, 
to obtain the exact weight of each spanner. Also, in Figure 35 a demonstration of how the 
spanner was hung on the load cell to give the load reading in Arduino serial monitor. 
 
 
Figure 33 Spanners weighting more than 150 grams 
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Figure 34 Weighing spanner on the scale 
 
 
Figure 35 Weighing spanner on the load cell 
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3.2.2 Experiment 2 Shunt Resistor Simulation for load cell 
In this experiment the shunt resistors were used to simulate a physical strain, tension and 
compression of strain gauge located on Wheatstone bridge arms. The Wheatstone bridge 
which is illustrated in Figure 36, is sealed inside the load cell. The Rst means the resistor 
used for tension simulation and Rsc means the resistor used for compression simulation of 
strain gauges. 
 
Figure 36 Shunt resistor simulation in Wheatstone bridge [22] 
 
Materials Used: 
➢ Arduino UNO board 
➢ Arduino Software IDE 
➢ Load cell PT4000 
➢ Lod cell amplifier HX711 
➢ Lead wires 
➢ Hook stand 
➢ Eleven fixed shunt resistors range from 820 KΩ - 47 KΩ 
➢ Circuit maker software 
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Method: 
In this experiment shunt simulation method was implemented using shunt resistor as can be 
seen in Figure 37. The resistor is shunted across the Red/ [+] excitation and Green/ [+] 
signal arm of the bridge, and can be observed in Figure 36 across points A and B. 
 
Figure 37 Tension Simulation in Load Cell using shunt resistor across RED/E+ and 
GRN/A+ terminals in HX711 
 
Before shunting the load cell bridge, it was ensured that the initial load reading in Arduino 
serial monitor was 0 Kg. The readings in this experiment was displayed in Arduino serial 
monitors as physical loads in Kg. After shunting the resistor, the readings start to change 
every time upon placing a different value of resistor. Shunting of resistors was done eleven 
times with different eleven resistors and each time the readings were recorded, and the 
experiment was repeated twice to ensure getting the concurrent readings in the second trial. 
A similar method was employed for the compression as illustrated in Figure 38, with the only 
difference that the shunting now is occurring across the [–] excitation and [+] signal, which 
can be also observed in Figure 36. The same Arduino code of experiment 1 was used in 
experiment 2, and the only disparity was that no loads were placed on load cell at experiment 
2.  




Figure 38 Compression simulation in load cell using shunt resistor across BLK/E- and 
WHITE/A- terminals in HX711 
 
In addition to the practical experiment, the circuit maker software was used in order to 
simulate the shunting in the load cell which can be observed in Figure 39 and this illustrating 
tension simulation and compression was done across R4 resistor. 
 
Figure 39 Load cell bridge circuit in circuit maker software 
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3.2.3 Experiment 3: Quarter bridge shunt simulation for the 
constructed bridge 
This experiment was done to achieve the second objective of this project which is building a 
system to measure strain (µƐ) on an object and record the load that caused the strain.  
Materials: 
➢ Arduino UNO board 
➢ Arduino Software IDE 
➢ Four resistors all have same value of 1000 Ω to construct the bridge circuit 
➢ Lod cell amplifier HX711 
➢ Lead wires 
➢ Eleven fixed shunt resistors range from 820 KΩ - 47 KΩ 
➢ Circuit maker software 
Method: 
Initially a Wheatstone bridge circuit was constructed as can be seen in Figure 40. The 
expected output voltage from the bridge circuit should be 0 mV as there are no shunt resistor 
placed across any arm of the bridge. After the bridge circuit was constructed, using the four 
resistors having a value of 1000 Ω each, the wirings of the bridge circuit to HX711 and to 
Arduino Uno board was connected as depicted in Figure 40 and a USB cable from the 
Arduino board to computer was connected, in order to get load readings in Arduino serial 
monitor. 
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Figure 40 Constructed Wheatstone Bridge Circuit in balanced state formed with 1000-ohm 
resistors in all four arms 
 
After the bridge circuit was connected, the green shunt resistor was used across the Red/[+] 
excitation and Green/[+] signal leads of the sparkfun load cell amplifier HX711 as shown in 
Figure 41. This was done to simulate quarter bridge tension or strain occurring in strain gauge 
which was planned to be fixed in real wind turbine blade. Each time a shunt resistor was 
placed a cross the bridge arm and the load readings were recorded from Arduino serial 
monitor and the equivalent strain to the load reading was calculated using Equation 2. 
 
Figure 41 Tension Simulation for the constructed bridge 
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The method employed for simulating strain on the quarter bridge when strain gauge gets 
stretched, the same method was used for the quarter bridge when the strain gauge gets 
compressed, however this time the shunting resistor was placed in different location across 
[–] excitation and [+] signal as illustrated in Figure 42, and the load readings from Arduino 
serial monitor were recorded each time when a new resistor value was shunted and the 
equivalent compression strain was calculated using Equation 3. 
 
Figure 42  Compression Simulation for the constructed bridge 
 
Furthermore, the circuit maker software was used to simulate the Wheatstone bridge circuit, 
to compare with the theoretical calculations and practical works, and the Wheatstone bridge 
circuit in circuit maker software is shown in Figure 43. More explanation will be 
demonstrated in results and analysis section. 
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Figure 43 Wheatstone bridge circuit in circuit maker software 
  
3.2.4 Experiment 4 Half bridge simulation for the constructed bridge 
This experiment was conducted to achieve second objective of the project as well as previous 
section but using a different approach. 
Materials used: 
➢ Arduino UNO board 
➢ Arduino Software IDE 
➢ Four resistors all having same value of 1000 Ω to construct the bridge circuit 
➢ Lod cell amplifier HX711 
➢ Lead wires 
➢ Eleven fixed shunt resistors range from 820 KΩ - 47 KΩ 
➢ Eleven fixed resistors range from 1.2 Ω - 20 Ω 
➢ Circuit maker software 
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Method: 
In the previous section, tension and compression simulation for Quarter Bridge was done via 
shunt resistors method. In this experiment, a half bridge method simulation was done via 
installing a resistor in series with 1000 Ω resistor located at [+] excitation and [-] signal. A 
jumper wire was also placed a cross the additional series resistor so as to keep the bridge 
initially in balanced state. In the other arm of the bridge a shunt resistor was placed a cross 
[-] excitation and [-] signal to simulate a half bridge configuration which is clearly 
demonstrated in Figure 44. 
 
Figure 44 Initial configuration of half bridge circuit simulation 
  
As illustrated in Figure 44, the resistor of 1.2 Ω is installed in series with 1000 Ω and a 
jumper wire was placed a cross the 1.2 Ω resistor. In this condition the bridge will be in 
balance and as it can be seen in Figure 44 the output voltage is 0 V. At the moment when the 
jumper is removed the bridge output voltage will be showing non-zero reading as the bridge 
will be out of balance. After removing the jumper, a shunt resistor of 820 KΩ can be placed 
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across R4 as shown in Figure 44. In this case, the bridge will double the output voltage 
obtained when the jumper was removed which is the principle of the half bridge. Doubling 
the output voltage doesn’t mean that the strain in the beam or the wind turbine blade is 
doubled, only the output voltage double because of the half bridge configuration and it will 
increase the bridge sensitivity to strain [12]. 
3.2.5 Experiment 5 Buzzer experiment  
Materials: 
➢ Buzzer  
➢ Arduino UNO board 
➢ Arduino Software IDE 
➢ Four resistors all have same value of 1000 ohms to construct the bridge circuit 
➢ Lod cell amplifier HX711 
➢ Lead wires 
➢ A shunt resistor of 820 KΩ  
➢ A resistor of 1.2 Ω  
Method: 
In this experiment a buzzer was used to initiate an alarm when a certain load is exceeded. It 
simulates in the manner that when a wind turbine blade exposed to a certain load which 
exceeded the preset load limit the alarm will be initiated alerting the operators that the load 
is exceeded. In this case the operator can take an action such as switching off the turbine or 
any suitable action to avoid a damage to the wind turbine blade from the excess load gained. 
This experiment was implemented using half bridge circuit simulation in which 1.2 Ω resistor 
in series and a shunt resistor of 820 KΩ were used. An addition in this experiment was that 
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a buzzer was connected in the circuit and the code was developed in order to get the buzzer 
operating when a certain load exceeded by setting up the threshold limit. More explanation 
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Chapter 4 Results and Analysis 
  
4.1 Experiment 1 results and analysis  
While running the code, Arduino serial monitor was displaying a very large value without 
any load been applied to the load cell which it supposed to be zero as long as the load cell 
Wheatstone bridge circuit is in balanced condition. To solve this issue a tare function was 
used in the Arduino program as demonstrated in Figure 45 in yellow marking which brings 
the scale to display zero in Arduino serial monitor. 
 
Figure 45 Scale tare code 
 
 
Figure 46  A load of 50 grams applied on load cell 
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After zeroing the scale, weights were applied to the load cell with 10 grams increment each 
time as illustrated in Figure 46, to ensure that the right weight was displayed in the serial 
monitor according to the weight applied to load cell. When a load of 50 grams was placed on 
load cell as mentioned in Figure 46, the readings from the Arduino serial monitor were 
displaying 0.07 kg (70 grams) as shown in Figure 47 which is incorrect reading. In this case 
the initial calibration factor of 250000 was increased, to ensure that the Arduino serial 
monitor is displaying the correct load reading (e.g. 70 gram) and this method was performed 
for all the weights until the load of 150 grams was placed. When the calibration factor was 
adjusted up to 320000, the exact readings were obtained from Arduino serial monitor when 
a load of 10 grams was added each time up to 150 grams which can be seen in Figure 48. 
 
Figure 47 Arduino Serial Monitor 
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Figure 48 Arduino Serial Monitor Displaying 150 grams 
 
Thereafter, different sizes of spanners with different weight for each were tested in load cell 
and the results can be seen in Table 3. The results illustrated in Table 3 show a difference of 
readings between the actual weight of spanners and Arduino serial monitor, as in serial 
monitor it shows larger weight than the actual scale weight of spanners. The results in Table 
3 were obtained when the calibration factor of 320000 was used, the same which was used 
for 150 grams weights. In order to solve this issue, the calibration factor was set to 330000 
and when there was no spanner hanged on the load cell, the data results in Arduino serial 
monitor shows 0 Kg, which means the calibration factor for zero is valid. By increasing the 
calibration factor to 330000, spanners were hung again on the load cell and the results which 
were displayed in the Arduino serial monitor matched with the scale weights or the actual 
weights of the spanners as illustrated in Table 4. Also, it can be noticed in Figure 49 that for 
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spanner D, the exact reading of spanner actual weight was shown in Arduino serial monitor 
which is 1.33 Kg. 
 









Spanner A 224 0.23 230 
Spanner B 398 0.41 410 
Spanner C 641 0.66 660 
Spanner D 1330 1.36 1360 
 
 









Spanner A 224 0.22 224 
Spanner B 398 0.39 398 
Spanner C 641 0.64 641 
Spanner D 1330 1.33 1330 




Figure 49 Arduino serial monitor for spanner D 
 
4.2 Experiment 2 Results and analysis 
4.2.1 Tension simulation for load cell (Quarter Bridge Simulation): 
In this experiment a shunt simulation approach was used. The shunt simulation is a procedure 
used to simulate a physical mechanical load applied to an object which will result in strain 
measured by strain gauge. In the PT4000 Load cell used in this experiment, there are 
insufficient information from the manufacture about the strain gauges values which are 
sealed inside the load cell in a form of Wheatstone bridge circuit. However, the resistance 
values were found by measuring across the four wires of the load cell using a multimeter and 
resistance values were found as illustrated in Figure 39 (refer Appendix B for load cell 
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wirings). The shunting in this experiment was done across a resistor value of 292.2 Ω to 
simulate a tension in load cell. Output voltages were measured, and load readings were 
recorded as illustrated in Table 5. 




Figure 50 Output Voltage against Load tension simulation for load cell 
y = 0.6428x + 0.0026
R² = 1



































Rc (Shunt resistor) 
Ω 
RG (Strain gauge 








0 0 0 0 0 
820000 292.2 0.3802 0.4 0.59 
680000 292.2 0.4584 0.5 0.71 
560000 292.2 0.5566 0.6 0.85 
470000 292.2 0.6632 0.7 1.04 
390000 292.2 0.7991 0.8 1.25 
330000 292.2 0.9444 1 1.47 
220000 292.2 1.416 1.5 2.2 
180000 292.2 1.731 1.8 2.69 
150000 292.2 2.076 2.1 3.2 
100000 292.2 3.113 3.2 4.83 
47000 292.2 6.611 6.7 10.29 
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In Figure 50 it is very clear that the comparison between the circuit maker tension simulation 
and experiment shunt tension simulation it shows very good linearity with very small 
variation and that is expected due to the load cell linearity error < 0.017% FSO [18]. The 
experiment results are approximately matched with the circuit maker simulation. Moreover, 
the goodness-of-fit for circuit maker simulation is perfect as the R2 shows a value of one 
which illustrate that the line of best of fit is exactly aligned with the circuit simulation results. 
While the goodness-of-fit for the experiment results it shows a tiny less than a value of 1, 
and it is also having a line of best of fit is aligned with the experiment simulation results. 
There is a linear relationship between the load and output voltage, the more the load the more 
the output voltage which represent more tension in the load cell due to stretch of the strain 
gauge. 
4.2.2 Compression simulation for load cell (Quarter Bridge 
Simulation): 
Figure 51 for the compression shunt simulation, it clearly illustrates that, similar to tension 
simulation, there is a very good linearity in both the Circuit Maker simulation and shunt 
simulation experiment. The goodness of fit for the circuit maker simulation demonstrate a 
better result than the experimental coefficient of determination (R2). The reason behind this 
variation between experimental and circuit maker simulation in both the tension and 
compression simulation is due to idealism of the circuit maker but not for the experiment. 
This means there are no resistance tolerances and no power losses in circuit maker software 
simulation, but this can occur in the experiment using physical components. Finally, in Figure 
51, there is a linear relationship between load and output voltage with negative slope 
representing load cell get compressed. 
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0 0 0 0 0 0 
820000 364 -0.4736 -0.3 -0.85 0.85 
680000 364 -0.5711 -0.4 -1.02 1.02 
560000 364 -0.6934 -0.5 -1.22 1.22 
470000 364 -0.8261 -0.7 -1.48 1.48 
390000 364 -0.9955 -0.8 -1.79 1.79 
330000 364 -1.176 -1.0 -2.11 2.11 
220000 364 -1.764 -1.6 -3.19 3.19 
180000 364 -2.156 -2.0 -3.91 3.91 
150000 364 -2.587 -2.4 -4.71 4.71 
100000 364 -3.878 -3.7 -7.13 7.13 




Figure 51 Output Voltage against load compression simulation for load cell 
 
y = -0.5566x + 0.0081
R² = 0.9998
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4.3 Experiment 3 results and analysis: 
4.3.1 Tension simulation for the constructed bridge (Quarter Bridge 
Simulation): 
In this section a tension simulation for a quarter bridge was done using shunt resistors which 
represent a certain load applied to the blade which will result in a strain or deformation to the 
strain gauge attached to the blade, in order to know the strain gained by the blade when a 
certain force applied to it. The shunting resistor approach can be understood by looking at 
Figure 52.  
 






RG (Strain gauge 




Monitor Weights (Kg)  
2.24 0 1000 0 0 
2.24 820000 1000 543.7619628 2 
2.24 680000 1000 655.548563 2.47 
2.24 560000 1000 795.7728546 2.96 
2.24 470000 1000 947.8313618 3.59 
2.24 390000 1000 1141.761052 4.28 
2.24 330000 1000 1348.726802 5.07 
2.24 220000 1000 2020.038785 7.56 
2.24 180000 1000 2466.456196 9.26 
2.24 150000 1000 2956.480605 11.03 
2.24 100000 1000 4420.084866 16.6 
2.24 47000 1000 9300.595238 25.33 
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Figure 52 Tension simulation for the constructed bridge using 820Kohms resistor 
 
Figure 53 Another configuration for tension simulation for the constructed bridge using 
1.22 Ω resistor in series with 1 KΩ resistor 
 
In the real scenario the strain gauge will be stretched when it gets tension, so it will elongate, 
and the resistance of the strain gauge will be increased. Figure 53 exactly represents the 
tension scenario and as can be seen the voltage displayed by the voltmeter is +1.341 mV, so 
the positive signal means a tension, while if it is negative it represents compression. But it 
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doesn’t mean the configuration shown in Figure 52 is incorrect as it gives the same output 
voltage which is +1.341 mV. Therefore it can be understood that the tension simulation can 
be done in two ways and it depends on the bridge circuit configuration as mentioned in Figure 
52 and Figure 53. It can be observed that the voltmeter polarities are opposing each other in 
both figures. The voltmeter readings or the output voltage from the bridge (e.g. 1.341 mV) is 
actually obtained by subtracting point D (VR4) from point C (VR2) as can be seen in Figure 
54 and Figure 55 respectively as following: 
𝑉𝑜𝑢𝑡 = 𝑉𝑅2 − 𝑉𝑅4 = 𝐶 − 𝐷 = 2.2 − 2.199 = 1 𝑚𝑉 
 
 
Figure 54 Measuring voltage at point C located between R1 and R2 resistors 
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Figure 55 Measuring voltage at point D located between R3 and R4 resistors 
 
The voltmeter reading is 1.341 mV, while the above calculation shows exactly 1 mV. The 
reason behind 1 mV as voltmeter reading is that the multimeters in Circuit Maker bridge 
simulation are designed in a way which gives the reading to the nearest whole numbers as 
illustrated in Figure 54 and Figure 55. The calculations further approve that the exact value 
from the bridge should be 1.341 mV when using a resistance of 1001.22 Ω in R3 arm not 1 
mV. The total current (IT) is divided in two branches, I1 and I2. I1 is the current flowing 
across R1 and R2 resistors and I2 is the current flowing across R3, R4 and R5 resistors as 
illustrated in Figure 56, so: 
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= 2.198658818 𝑚𝐴 
Voltage across point C: 
𝑉𝐶 = 𝑉𝑅2 = 𝐼1 ×  𝑅2 = (2.2 × 10−3) ∗ 1000 = 2.2 𝑉  
Voltage across point D: 
𝑉𝐷 = 𝑉𝑅4 = 𝐼2 ×  𝑅4 = (2.198658818 × 10−3) × 1000 = 2.198658818 𝑉  
Finally, 
𝑉𝑜𝑢𝑡 = 𝑉𝐶 − 𝑉𝐷 = 2.2 − 2.198658818 = 1.3411 𝑚𝑉 
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In the above calculations for I2 the current value kept in larger decimal place to give the 
precise final answer. More explanation can be gathered about the results achieved from the 
tension simulation using some equations. Firstly, for calculating the equivalent strain which 
is mentioned in   Table 7, Equation 2 was used. Here is an example for calculating equivalent 
strain when using 820 KΩ resistor as shunt resistor: 
➢ 𝑅𝐺 = 𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡h𝑒 𝑠𝑡𝑟𝑎𝑖𝑛 𝑔𝑎𝑔𝑒= 1000 Ω 
➢ FG = Gauge factor = 2.24 (obtained from strain gauge manufacture as can be seen in 
Figure 57. 
➢ Rc = Shunt resistor = 820 KΩ 
 
Figure 57 Gauge factor of 1000 Ω strain gauge 
 







2.24(1000 + (820 × 103))
 
𝜀𝑠 = 0.0005437619 × 106 = 543.7619 𝜇𝜀 
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The above calculation is used to find the equivalent strain value when using a shunt resistor 
of 820 KΩ. The strain results are calculated in micro strain and the same calculation approach 
was adopted to find all the equivalent strain for all the eleven shunt resistors from 820 KΩ 
up to 47 KΩ as illustrated in Table 7. When a shunt resistor is placed across another resistor, 
what occurs is illustrated using the following example. Using 820 KΩ resistor as depicted in 
Figure 52 configuration and using the same method for all shunt resistors, total resistance 
can be calculated as follows:  
𝑅𝑡𝑜𝑡𝑎𝑙 =




1000 ×  820000
1000 + 820000
= 998.781 
The total resistance in the R3 arm as per above calculations is lower than 1000 ohms, this 
represents compression, but the circuit configuration shown in Figure 52 will show it as 
tension. This means resistance difference or resistance change can be calculated as following: 
"𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒" = 𝑅3 − 𝑅𝑡𝑜𝑡𝑎𝑙 = 1000Ω − 998.781Ω = 1.219 ~ 1.22Ω 
The resistance got decreased by 1.22 ohms from 1000Ω, while the circuit configuration 
shown in Figure 52 was found to be increased by 1.22 ohms, which can be expressed as 
following: 
R= 1000 ohms 
ΔR = 1.22 Ω 
R+ ΔR = 1001.22 Ω 
So, the resistance at R3 arm is 1001.22 Ω which can be observed in Figure 53 configuration. 
Moreover, the smaller shunt resistor will result in a bigger resistance difference. For instance, 
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for 680Kohms the Rtotal is 998.531 Ω and resistance difference is 1.468 Ω > 1.22Ω, which 
represent that, the smaller the shunt resistance value, the more the additional of resistance 
across R3 arm and furthermore represent more tension applied to the strain gauge as shown 
in Figure 53 configuration. This can be observed in the results obtained from the tension 
simulation in Table 7, by using smaller shunt resistor value, the equivalent strain is increased, 
so it clearly shows that there is an inverse relationship between shunt resistors and strain. In 
addition to that, it can be observed that there is a linear relationship between the load applied 
which was obtained from Arduino software program and the equivalent strain as can be seen 
in   Table 7 and Figure 58. In Figure 59, the strain against the load shows the goodness-of-fit 
or linear regression (R2 = 0.9999) for the first 10 points while doing tension simulation. This 
means that there was a perfect linearity, while when the simulation continued for the last two 
points as illustrated in Figure 58, nonlinearity error was introduced. This was expected due 
the reason “for a large ΔR, half-bridge and quarter-bridge circuits can introduce an additional 
nonlinearity error” [23]. The 𝝙R difference for the last two points marked in blue can be seen 
in Table 8 and they show a large difference in resistance compared to other points.  
Table 8 Resistance difference while shunting 





















Figure 59 Strain against load for tension simulation in constructed bridge showing the first 
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With respect to the tension simulation experiment results, it indicates that while using the 
shunt resistor of 820 KΩ resistor, the equivalent strain is 543.761 µƐ and the Arduino serial 
monitor displayed a load of 2 Kg, from the results so obtained, the approximate value for the 
strain per each Kg of load applied to the blade can be determined as following: 
𝑆𝑡𝑟𝑎𝑖𝑛 𝑝𝑒𝑟 𝐾𝑔 𝑜𝑓 𝑙𝑜𝑎𝑑 =
543.761
2
= 271.88 με/Kg   
In order to confirm the above result, looking to Table 7 by considering an example using 560 
KΩ resistor, the monitor display showed 2.96 Kg, so if the load of 2.96 Kg is multiplied by 
271.88 µƐ/Kg, the following strain will be derived: 
𝑆𝑡𝑟𝑎𝑖𝑛 𝑤ℎ𝑖𝑙𝑒 𝑢𝑠𝑖𝑛𝑔 560 𝐾𝑜ℎ𝑚𝑠 𝑠ℎ𝑢𝑛𝑡 𝑟𝑒𝑠𝑖𝑠𝑡𝑜𝑟 = 2.96 × 271.88 = 804.764 𝜇𝜀 
This value of strain is approximately close to the strain obtained by calculations using 
Equation 2 which is 795.772 µƐ (difference = 8.992 µƐ) and the small difference is expected 
as the measurements are in micro. 
In addition to find what is the equivalent output voltage from the bridge circuit to 1 kg of 
load, here are some calculations have been done referring to Figure 60: 
 
Figure 60 Equivalent shunt resistor which result in 1 mV output 
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As shunt resistor of 1099 KΩ illustrated in Figure 60, gives the output from the bridge 







2.24(1000 + (1099 × 103))
 
𝜀𝑠 = 405.844 𝜇𝜀 
So as mentioned before, a load of 1 Kg equals 271.88 µε and from above calculation, it 















4.3.3 Compression simulation for the constructed bridge (Quarter 
Bridge Simulation): 
In this experiment, the compression simulation was implemented, and the results can be seen 
in Table 9. The result values are very similar to the results obtained from the tension 
simulation experiment. The only difference that these results showed the equivalent strains 
and loads in negative signs represent that the strain gauge got compressed while in tension is 
stretched. It also can be said that the arm R4 of the Wheatstone bridge get less total resistance 
value than 1000 Ω, so it throws the bridge out of balance as all other three arms of the bridge 
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remains fixed with 1000 Ω resistance. A better understanding of compression simulation can 
be achieved by taking an example of 680 KΩ shunt resistor as following: 
RG = 1000 Ω 
RC = 680 KΩ 
FG = 2.24 







2.24(1000 + (680 × 103))
 
𝜀𝑠 = −0.000655548 × 106 = 655.548 𝜇𝜀 
The above calculations can be used for all the shunt resistors values to obtain the equivalent 
strain. As it can be observed that the only difference in the strain equation between tension 
and compression is the negative sign in the numerator. The graphs in compression simulation 
are a mirror of tension simulation, in tension they are ascending while in compression they 
are descending. It can be observed clearly that the values of loads in Figure 61 and Figure 62 
are mentioned in positive while in the Arduino serial monitor it displayed them in negative 
as mentioned in Table 9. The reason behind showing the loads in positive in Figure 61 and 
Figure 62 to demonstrate that a load is applied from the top of the blade and the strain gauge 
is fixed under the blade, so it will get compressed. Similarly, to tension simulation, the 
compression simulation showed a perfect linearity in the first 10 points, using different shunt 
resistors and the goodness-of-fit shows R2 = 1. On the contrary, when all the 12 points were 
used, nonlinearity error was occurred at the last two points. 
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     Table 9 Quarter bridge compression simulation results for the constructed bridge 
 
 




























RG (Strain gauge 




Monitor Weights (Kg)  
2.24 0 1000 0 0 
2.24 820000 1000 -543.7619628 -2.02 
2.24 680000 1000 -655.548563 -2.43 
2.24 560000 1000 -795.7728546 -2.94 
2.24 470000 1000 -947.8313618 -3.55 
2.24 390000 1000 -1141.761052 -4.27 
2.24 330000 1000 -1348.726802 -5.04 
2.24 220000 1000 -2020.038785 -7.54 
2.24 180000 1000 -2466.456196 -9.23 
2.24 150000 1000 -2956.480605 -10.98 
2.24 100000 1000 -4420.084866 -16.57 
2.24 47000 1000 -9300.595238 -25.52 
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Figure 62 Strain against load for compression simulation in constructed bridge showing 
first 10 points from figure 65  
 
More explanation of the compression simulation using circuit maker software is illustrated 
below: 
 
Figure 63 Compression simulation for the constructed bridge using 820 KΩ resistor 
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It can be observed from Figure 63 that the output voltage from the circuit is -1.341 mV and 
the negative sign represent that the strain gauge (R4) is under compression. Following 







= 2.2 𝑚𝐴 









1000 × (820 × 103)
1000 + (820 × 103)
= 2.2013406 𝑚𝐴 
In order to get the exact value of Vout from the circuit, VR2 and VR4 has to be calculated 
which are as follows: 
𝑉𝑅2 = 𝐼1 × 𝑅2 = (2.2 × 10−3) ∗ 1000 =  2.2 𝑉 
𝑉𝑅4 = 𝐼2 × 𝑅4 = (2.2013406 × 10−3) × 1000 =  2.2013406 𝑉 
So, the output voltage from the bridge circuit is: 
𝑉𝑜𝑢𝑡 = 𝑉𝑅2 − 𝑉𝑅4 = 2.2 − 2.2013406 =  −1.3406 𝑚𝑉 ~ − 1.341 𝑚𝑉 
As it can be observed that the output voltage using the above calculations shows -1.341 mV 
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4.4 Experiment 4 results and analysis  
Half bridge simulation was implemented at this section using both the circuit maker 
simulation and constructed bridge circuit for comparison. As it can be seen in Figure 64 the 
bridge is in balance state and jumper (black wire across the green resistor (20Ω)) still 
continues to be there as shown in Figure 64 and no shunt resistor placed on arm R4 as 
explained previously in Figure 44. Hence, the output voltage from the bridge is 0 mV and the 
Arduino serial monitor displaying 0 Kg load as illustrated in Figure 64 and Figure 65 
respectively. 
 
Figure 64 Constructed bridge circuit in balance 
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Figure 65 Arduino serial monitor load reading when the bridge in balance 
 
Later, the Jumper was removed illustrating quarter bridge, and a resistor of 1.2 Ω was placed 
in series with 1000 Ω resistor, so the voltage output from the bridge was 1 mV as indicated 
in Figure 66. The load readings in Arduino serial monitor showing 1.58 Kg as illustrated in 
Figure 67. 
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Figure 66 Jumper removed and 1.2 Ω resistor placed in series with 1000 Ω resistor 
 
 
Figure 67 Arduino serial monitor load reading when the bridge out of balance at quarter 
bridge 
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Finally, a shunt resistor of 820 KΩ was placed on R4 arm (refer Figure 44) and that represent 
a half bridge simulation, so the voltage output from the bridge was approximate double as it 
is showing 2.3 mV illustrated in Figure 68, while in the quarter bridge the output voltage was 




Figure 68  Half bridge using a shunt resistor of 820 KΩ 
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Figure 69 Arduino serial monitor load reading at half bridge simulation 
 
The three cases explained previously nomenclature as bridge in balance, Quarter Bridge and 
half bridge were repeated 10 times with different resistors in series and different shunt 
resistors and the results are depicted in Table 10. 














0 0 0 0 0 0 
1.2 833500 820000 534.9653342 2.66 2.3 
1.8 555500 560000 802.2076755 3.941 3.5 
2.2 454600 470000 979.8695598 4.755 4.4 
2.7 370400 390000 1202.01554 5.783 5.3 
3.3 303000 330000 1468.515038 6.952 6.5 
4.7 212780 220000 2088.261631 10.15 9.6 
5.6 178580 180000 2485.959302 12.24 11.7 
6.8 147050 150000 3015.390553 14.76 14.1 
10 100000 100000 4420.084866 21.89 21.2 
20 50000 47000 8753.501401 44.94 43.6 
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The voltage output was supposed to be exactly doubled in previous example if a series 
resistor of 1.22 Ω was used, which would simulate that the same amount of tension and 
compression strain occurring at the same time if a certain load is applied to a blade or an 
object. While using 1.2 Ω resistor in series it simulates that the strain at tension is less than 
the strain that occur at compression side. Following calculations have been done to ensure 
authenticity: 
Using a circuit maker software in Figure 70, it is clear that the equivalent shunt resistor to a 
series resistor of 1.2 Ω, which will give the same output voltage from the bridge is 833.5 KΩ. 







2.24(1000 + (833.5 × 103))
= 534.96 𝜇𝜀 








2.24(1000 + (820 × 103))
=  −543.76 𝜇𝜀 
The results clearly demonstrate that the strain at tension is less than compression. So, the 
tension strain is 534.96 µƐ, while the compression strain is -543.76 µƐ, whereas the negative 
sign merely representing a strain gauge getting compressed. 
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  Figure 70 Circuit to find the equivalent shunt resistor to a series resistor 
 
Table 10 results inform us about strain gauge sensor as following when using 1.2 Ω resistor 











𝑅3 +∆𝑅  
𝑅4




1000 +1.2  
1000




𝑅3 + ∆𝑅  
𝑅4− ∆𝑅
 then eo = 2e1 (half bridge, two strain gauges one gets stretched (+𝝙R) and 





1000 +1.2  
1000 −1.22
 = 1.0024 Ω 
From the above calculations it can be observed that while using one strain gauge sensor, 
resistance change on strain gauge was 1.0012 Ω which will result in a change in the output 
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voltage of the bridge circuit. Moreover, while using two strain gauge sensors as a half 
bridge configuration, the output voltage from the bridge doubled as the resistance change is 
doubled which is 1.0024 Ω. 
Note: e0 is the output voltage from the bridge when the bridge in balance state and e1 is the 
output voltage from the bridge when one strain gauge sensor is used. 
   
 
Figure 71 Strain against output voltage for half bridge experiment and circuit maker 
simulation 
 
As can be observed from Table 10 results that the measured values for the output voltage 
from the half bridge circuit are less than the output voltage values obtained from the Circuit 
Maker simulation. Thus, the slope of the line graph for measured values in Figure 71 is a 
little bit lower than the Circuit Maker simulation. The reason behind these difference in 
readings between the measured values and Circuit Maker simulation due to different reasons. 
y = 0.0051x - 0.3596
R² = 0.9995
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Circuit Maker simulation is an ideal system where the resistors are perfect, which means 
there is no ± tolerances for resistance. Second reason there is no power losses in Circuit 
Maker simulation as if a supply of 4.4 V is applied to the circuit as in Figure 70, there will 
be exactly 4.4 V flow in the circuit. The first reason and second reason are not applied for 
the experiment while using physical components, thus the differences between Circuit Maker 
simulation and experiment occurs.  
Another observation found from Figure 71 that both line graphs are diverging from each 
other and the last two points from both line graphs are the worst case, as the difference 
between them is larger compared to all other points from both line graphs. These two points 
were chosen for error analysis as implemented in Figure 79 (refer Appendix D), using 20 Ω 
resistor in series and a shunt resistor value of 47 KΩ. The output voltage value found from 
circuit theory analysis is 44.9 mV with error of ± 140% considering resistors tolerances of 
±1% as per manufacture and supply voltage accuracy of ± 1%. The predicted value found 
from circuit maker simulation is 44.9 mV which is matching with circuit theory analysis 
(refer Appendix D) and the percentage error for the measured value from experiment due to 
measuring device accuracy which is a multimeter (Protek 506) is 43.6 mV ± 0.05%. 
Therefore, the measured value is within the circuit theory error range and that can be observed 
in Figure 81 by the error bars, which shows the measured black error bar for red line (± 0.05 
%) in the last two points is  inside the circuit theory analysis error bar (± 140%). This gives 
impression that the experimental measured value is acceptable. The black error bar is not 
very clear as there is a big difference in percentage error which are ± 0.05% and ± 140%.  
Another consideration that if the predicted value from the circuit theory using precise 
resistors with low tolerances (e.g. ± 0.01%) instead of 1%, then the predicted value error will 
be very less than 140%.  
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4.5 Buzzer experiment results and analysis 
 
The maximum load limit (threshold) in this experiment was set to 3 Kg as can be seen in 
Figure 72. The buzzer experiment set up is shown in Figure 73, and the set up was exactly 
the same as the half bridge simulation with the only difference that a buzzer was attached to 
the circuit and multimeter was connected to positive and negative pins of the buzzer to check 
the voltage. In Figure 73 when the bridge is in balance, the voltage from the buzzer was 0 V 
and the Arduino serial monitor displayed 0 Kg as illustrated in Figure 74 . 
 
Figure 72 Buzzer threshold limit Arduino code 
 
 
Figure 73 Buzzer experiment set up and the bridge in balance 
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Figure 74 Arduino serial monitor load reading when a bridge in a balance for a buzzer 
experiment 
 
Later on, when the bridge jumper was removed, as it can be seen in Figure 75, still the voltage 
is 0 volts. This is due to the reason that the load value achieved in the experiment was 1.59 
Kg as indicated in Figure 76 which is not exceeding the threshold value of 3 Kg. 
 
Figure 75 Quarter bridge simulation for buzzer experiment 
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Figure 76 Arduino serial monitor load reading at a quarter bridge simulation for a buzzer 
experiment 
 
Finally, the shunt resistor of 820 KΩ was placed across the 1000 KΩ resistor located at arm 
4, simulating the half bridge scenario. In this case the multimeter showed a reading of 4.96 
volts supplied to the buzzer as shown in Figure 77 and the buzzer was initiating alarm. The 
reason that the buzzer made a sound was because the threshold limit was exceeded as 
illustrated in Figure 78 which is 3.6 Kg > 3 Kg. Buzzer code combined with load cell and 
bridge are mentioned in Appendix E as well as the circuit connections. 
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Figure 77 Half bridge simulation for buzzer experiment 
 
 
Figure 78  Arduino serial monitor load reading at a half bridge simulation for a buzzer 
experiment 
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Chapter 5 Conclusion 
 
In conclusion the load cell experiment indicates a good linearity as linearity error of the 
PT4000 load cell is less than 0.017% of full scale output. A load cell can be used to measure 
a certain load applied to the blade in testing facility only not in the rotating wind turbine 
blade, because the rotation of a wind turbine blades makes the load cell application 
impossible. A tare function was used in Arduino programming to zero load cell initial reading 
which was reading large value when no load applied to it. A calibration factor was used to 
match up the readings of the actual weight of loads applied to load cell and the Arduino serial 
monitor readings.  
In the quarter bridge tension and compression simulation experiments, the circuit introduce 
a nonlinearity error at the last two points due to a large resistance difference at that stage 
compared to other points [23]. In addition, tension simulation can be implemented either by 
shunting a resistor across the bridge resistance arm or by adding a resistor in series with the 
bridge arm resistor and considering the circuit configuration which should differ in both 
cases. The equivalent strain per each Kg of a load applied to the blade was found to be 
approximately 271.88µƐ/Kg. 
Half bridge experiment indicates a good linearity and the goodness of fit is very close to the 
goodness of fit for the graph obtained from Circuit Maker simulation which is considered as 
an ideal system. Moreover, the half bridge circuit is preferred to be used rather than half 
bridge circuit as it has a better sensitivity to strain and it will compensate any change in 
temperature. The predicted values from circuit maker simulation and circuit theory have been 
found to be exactly similar and the measured value is a bit lower. The measured value is 
lower due to the physical components such as resistors having manufacture accuracy or 
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tolerances of ± 1% as well as the power supply. In addition, the multimeter has an accuracy 
of ± 0.05%.  
 A threshold code was used in Arduino program to initiate a buzzer alarm when the preset 
threshold limit exceeded. This simulate as when a wind load in a real wind turbine exceeded, 
so an alarm will be initiated alerting the wind turbine operator to take an action and avoid 
any damage to the wind turbine or the blades. 
Finally, the circuit simulations and experiments are successfully and approximately matching 
with very small differences, thus, the implementation of the project experiments can be 
implemented in real wind turbine blades to measure strain and load using the thesis project 
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Chapter 6 Future works and recommendations 
 
There are various things that can be done for this current project to be developed. The 
following points shall be considered in developing the project: 
 First goals 
➢ Implementation of radio frequency telemetry signal for strain gauges, to send data 
to control room. This can be done to simulate a real scenario when the strain 
gauges are installed in the wind turbine blade, so the use of wires is impossible to 
put in practice as the rotation of the blade while operating will cause the wires to 
be cut. 
➢ Printed Circuit Boards (PCB) can be utilized. The reason underlying using these 
boards is that as the bridge circuit is quite sensitive and any tiny movement of 
resistors or any other components used in the experiment such as breadboard will 
cause a variation in readings. However, this movement of components will not 
happen in PCB as the components will be soldered with no chance of movement 
which will give accurate readings. 
➢ LabVIEW software need to be implemented as a human machine interface (HMI), 
to get the strain and load readings in a monitor with figures and graphs. 
 
 Second goals: 
➢ Incorporation of monitoring system in wind turbine blade bending test facility 
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➢ Calculate Young’s modulus or modulus of elasticity of the wind turbine blade to 
know how much the blade can withstand changes on length using the following 
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Appendix A: Sparkfun Load Cell Amplifier - HX711  
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Appendix C: Load Cell Experiment Code 
 
// Include Libraries 
#include <HX711.h> 
// Pin Definitions 
#define SCALE_PIN_DAT  3 
#define SCALE_PIN_CLK 2 
// Global variables and defines 
// object initialization 
HX711 scale(SCALE_PIN_DAT, SCALE_PIN_CLK); 
#define calibration_factor 330000  
// define vars for testing menu 
const int timeout = 30000;       //define timeout of 30 sec 
char menuOption = 0; 
long time0; 
// Setup the essentials for your circuit to work. It runs 
first every time your circuit is powered with electricity. 
void setup()  
{ 
 // Main logic of your circuit. It defines the interaction 
between the components you selected. After setup, it runs 
repeatedly, in an eternal loop. 
void loop()  
{ 
      if(menuOption == '1') { 
    // SparkFun HX711 - Load Cell Amplifier - Test Code 
    float scaleUnits = scale.get_units(); //scale.get_units() 
returns a floats 
    Serial.print(scaleUnits); //You can change this to lbs 
but you'll need to refactor the    calibration_factor 
    Serial.println(" Kg"); //You can change this to lbs but 
you'll need to refactor the calibration_factor 
    } 
      if (millis() - time0 > timeout) 
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    { 
        menuOption = menu(); 
    }   
} 
// Menu function for selecting the components to be tested 
// Follow serial monitor for instrcutions 
char menu() 
{ 
  Serial.println(F("\nWhich component would you like to 
test?")); 
    Serial.println(F("(1) SparkFun HX711 - Load Cell 
Amplifier")); 
    Serial.println(F("(menu) send anything else or press on 
board reset button\n")); 
    while (!Serial.available()); 
// Read data from serial monitor if received 
    while (Serial.available())  
    { 
        char c = Serial.read(); 
        if (isAlphaNumeric(c))  
        { 
            if(c == '1')  
          Serial.println(F("Now Testing SparkFun HX711 - Load 
Cell Amplifier")); 
            else 
            { 
                Serial.println(F("illegal input!")); 
                return 0; 
            } 
            time0 = millis(); 
            return c; 
            } 
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        } 
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Appendix D: Experiment 4 error analysis 
 
 
Figure 79 Half bridge circuit configuration for error analysis 
  
Considering the tolerance of the six resistors which is as follow: 
➢ R1 = 1 KΩ ± 1% 
➢ R2 = 1 KΩ ± 1% 
➢ R3 = 1 KΩ ± 1% 
➢ R4 = 1 KΩ ± 1% 
➢ R5 = 20 Ω ± 1% 
➢ R6 = 47 KΩ ± 1% 
➢ Vs = 4.4 V ± 1% 
In case of addition or subtracting, absolute error needs to be added. The addition here is 
occurring between R3 and R5 as they are in series, so the absolute error will be added as 
follows: 
𝑅3 = 1000 Ω ×  1 % = 1000 ∗ 0.01 = 10 Ω 
𝑅5 = 20 Ω ×  1 % = 20 ∗ 0.01 = 0.2 Ω 
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So, 
𝑅3 + 𝑅5 = 1020 ± (10 + 0.2) = 1020 Ω ± 𝟏𝟎. 𝟐 Ω = 1020 ± 1% 
The absolute error for R3 and R5 combination is 10.2 Ω. The other case is multiplication or 
division and in this case the percentage error need to be calculated for resistors R4 and R6 as 
they are in parallel to each other, so the error calculations are as following: 
𝑅4 𝑒𝑟𝑟𝑜𝑟 = 1000 Ω × 1% = 10 Ω 
𝑅6 𝑒𝑟𝑟𝑜𝑟 = 47 𝐾Ω × 1% = 0.47 𝐾Ω = 470 Ω 
So, 
𝑅4 + 𝑅6 = (1000 ± 10) + (47000 ± 470) = 48000 Ω ± 480 Ω = 48000 ± 1% 
Total resistance of R4 and R6 resistors need to be find, so the total percentage error can be 
obtained as following: 
𝑅𝑡𝑜𝑡𝑎𝑙 =
R4(1%) × R6(1%)




= 979.167 ± 3% 
The total resistance for R4 and R6 is 979.167 ± 3%, so the percentage error for the 
combination of R4 and R6 resistors is ±3%. The three percentages have been achieved 
wherein R4 has ±1% error, R6 which has ±1% error and a combination of R4+R6 will have 
an error percentage of ±1%.  
 
Figure 80 Resistors are combined in right side of the bridge (refer to Figure 79) 
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𝒆𝒓𝒓𝒐𝒓 𝒂𝒕 𝒑𝒐𝒊𝒏𝒕 𝑽𝒄 = (
R2
𝑅1 + 𝑅2
) × 𝑉𝑠 
                                 = (
1000 ± 1%
(1000 ± 10) + (1000 ± 10)
) × (4.4 ± 1%) 
                                =
1000 ± 1%
2000 ± 20
 × (4.4 ± 1%) 
                                =
1000 ± 1%
2000 ± 1%
 × (4.4 ± 1%) = 0.5 × (4.4 ± 1%) = 2.2 ± 3% 
 
𝒆𝒓𝒓𝒐𝒓 𝒂𝒕 𝒑𝒐𝒊𝒏𝒕 𝑽𝑫 = (
R4R6
𝑅3𝑅5 + 𝑅4𝑅6
) × 𝑉𝑠 
                                      =
979.167 ± 3%
(1020 ± 10.2) + (979.167 ± 29.37)
× (4.4 ± 1%)          
                                     =
979.167 ± 3%
1999.167 ± 39.57
× 4.4 ± 1% 
                                     =
979.167 ± 3%
1999.167 ± 2%
× 4.4 ± 1% = 2.1551 ± 6% 
Note: The error of 2% in above calculations at the dominator is found by dividing the absolute 
error of 39.57Ω by the resistance of 1999.167Ω as following: 
                                  =
39.57
1999.167
= 0.0197 × 100% = 1.97 % ~ 2% 
 
Vout absolute error = Vc - VD = (2.2 V ± 0.066 V) – (2.1551 V ± 0.129 V) = 0.0449 V ± (-
0.063) V = 44.9 mV ± 63 mV 
𝐏𝐫𝐞𝐝𝐢𝐜𝐭𝐞𝐝 𝐕𝐚𝐥𝐮𝐞 % 𝐞𝐫𝐫𝐨𝐫 =
63 mV
44.9 mV
=  1.403 × 100% = 140 % 
So, 𝑉𝑜𝑢𝑡 % 𝑒𝑟𝑟𝑜𝑟 = 0.0449 𝑉 ± 140% = 44.9𝑚𝑉 ± 140% = 44.9 ± 62.86 mV 
Measured Value % error = 43.6 ± 0.05% 
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Figure 81 Error bars showing the measured value is within circuit theory predicted value 
error 
 
Figure 81 demonstrate that the measured value which is 43.6 ± 0.05% (43.57 mV<Vout< 
43.62 mV) is within the boundary of circuit theory error analysis Vout values which are 44.9 
± 62.86 mV (-17.96 mV<Vout< 107.76 mV) which is the allowed error range, so it is 







y = 0.0051x - 0.3596
R² = 0.9995
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// Pin Definitions 
#define BUZZER_PIN_SIG  3 
#define SCALE_1_PIN_DAT 5 
#define SCALE_1_PIN_CLK 4 
#define SCALE_2_PIN_DAT 7 
#define SCALE_2_PIN_CLK 6 
// Global variables and defines 
// object initialization 
HX711 scale_1(SCALE_1_PIN_DAT, SCALE_1_PIN_CLK); 
#define calibration_factor 330000 //This value is obtained 





HX711 scale_2(SCALE_2_PIN_DAT, SCALE_2_PIN_CLK); 
#define calibration_factor 330000 //This value is obtained 






const int buzzerPin = 3;       // pin that the Buzzer is 
attached to 
const int threshold = 3;   // an arbitrary threshold level 
that's in the range of the analog input 
// define vars for testing menu 
const int timeout = 30000;      //define timeout of 30 sec 
char menuOption = 0; 
long time0; 
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// Setup the essentials for your circuit to work. It runs 
first every time your circuit is powered with electricity. 
void setup()  
{ 
    // Setup Serial which is useful for debugging 
    // Use the Serial Monitor to view printed messages 
    Serial.begin(9600); 
    while (!Serial) ; // wait for serial port to connect. 
Needed for native USB 
    Serial.println("start"); 
    scale_1.set_gain(128);  
    scale_1.set_scale(calibration_factor);  
    scale_1.tare(); //Assuming there is no weight on the 
scale at start up, reset the scale to 0 
    scale_2.set_scale(calibration_factor);  
    scale_2.tare(); //Assuming there is no weight on the 
scale at start up, reset the scale to 0 
    menuOption = menu(); 
    // initialize the LED pin as an output: 
    pinMode(buzzerPin, OUTPUT); 
} 
 
// Main logic of your circuit. It defines the interaction 
between the components you selected. After setup, it runs 
over and over again, in an eternal loop. 
void loop()  
{ 
    // if the analog value is high enough, turn on the 
Buzzer: 
    if (scale_1.get_units() > threshold) { 
    digitalWrite(buzzerPin, HIGH); 
  } else { 
    digitalWrite(buzzerPin, LOW); 
    } 
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    if(menuOption == '1') { 
    // SparkFun HX711 - Load Cell Amplifier #1 - Test Code 
    float scale_1Units = scale_1.get_units(); 
//scale.get_units() returns a float 
    Serial.print(scale_1Units); //You can change this to lbs 
but you'll need to refactor the calibration_factor 
    Serial.println(" Kg"); //You can change this to lbs but 
you'll need to refactor the calibration_factor 
    } 
    else if(menuOption == '2') { 
    // SparkFun HX711 - Load Cell Amplifier #2 - Test Code 
    float scale_2Units = scale_2.get_units(); 
//scale.get_units() returns a float 
    Serial.print(scale_2Units); //You can change this to lbs 
but you'll need to refactor the calibration_factor 
    Serial.println(" Kg"); //You can change this to lbs but 
you'll need to refactor the calibration_factor 
    } 
    if (millis() - time0 > timeout) 
    { 
        menuOption = menu(); 
    } 
} 
// Menu function for selecting the components to be tested 
// Follow serial monitor for instrcutions 
char menu() 
{ 
    Serial.println(F("\nWhich component would you like to 
test?")); 
    Serial.println(F("(1) SparkFun HX711 - Load Cell 
Amplifier #1")); 
    Serial.println(F("(2) SparkFun HX711 - Load Cell 
Amplifier #2")); 
    Serial.println(F("(menu) send anything else or press on 
board reset button\n")); 
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    while (!Serial.available()); 
    // Read data from serial monitor if received 
    while (Serial.available())  
    { 
        char c = Serial.read(); 
        if (isAlphaNumeric(c))  
        { 
        if(c == '1')  
          Serial.println(F("Now Testing SparkFun HX711 - Load 
Cell Amplifier #1")); 
        else if(c == '2')  
          Serial.println(F("Now Testing SparkFun HX711 - Load 
Cell Amplifier #2")); 
        else if(c == '3')  
          Serial.println(F("Now Testing Serial Enabled 16x2 
LCD")); 
            else 
            { 
                Serial.println(F("illegal input!")); 
                return 0; 
            } 
            time0 = millis(); 
            return c; 
        } 
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